Hot metal Desulfurization kinetics were studied experimentally using CaO-Al 2 O 3 -SiO 2 -MgO-TiO 2 -Na 2 O slags in the range of 1 773 K to 1 833 K. The results indicated that the rate of desulfurization increases with the Na 2 O and MgO content in slag increase, the slag basicity increase, i.e., the ratio of CaO to SiO 2 , Al 2 O 3 and TiO 2 content decrease, and the temperature increase. A mathematical model of desulfurization kinetics has been developed, using which the calculated results of the desulfurization of hot metal are in reasonable accord with the experimental data. The activation energy of the apparent rate coefficient was found to be 172.58 kJmol − 1 , and the mass transfer coefficient of the slag phase hardly changes with temperature. All of these showed that the desulfurization of hot metal using the present slag system is controlled by the slag phase mass transfer.
Introduction
In recent years, with high-grade mineral resources decreasing, the development and utilization of the low-grade ore and metallurgical secondary resources (metallurgical slag containing high-iron) have achieved increasing attention. The Bayer red mud of Guangxi Pingguo Aluminum plant in China is a high-Iron red mud, whose elemental analysis is shown in Table 1. 1) It is a kind of wealthy and valuable secondary resource.
The comprehensive utilization of the useful resources in the red mud could be realized through the three following links. Firstly, the red mud would be dealt with by smelting reduction iron-making process of COREX with calcium aluminate slag slagging process, the elements of Fe, V, Ta will be reduced and go into molten iron, and Na, Al, Sc in the red mud will not be reduced and go into the molten slag, then the slag is cooled in the certain cooling process. During the slag cooling, the 2CaO.SiO 2 can precipitate and take place the crystal type transformation from β-2CaO.SiO 2 toγ-2CaO.SiO 2 , which can make the volume of 2CaO.SiO 2 expansion of 12% and make the slag powder, becoming self-powder calcium aluminate slag; secondly, the Na, Al in reduction slag are leached by sodium carbonate solution using wet grinding process, then the scandium enriched in residues is extracted by extracting process. In three links the COREX process is the primary link, it directly affects the recovery of alumina and Sc in the red mud.
In order to be beneficial to the recovery of aluminum, the main aluminum component in the slag cooled should be 12CaO·7Al 2 O 3 that is suitable for leaching alumina. 2) According to CaO-Al 2 O 3 -SiO 2 phase diagram, the sequence of mineral crystallization in equilibrium crystallization process of slag is first 2CaO·SiO 2 and then calcium aluminate compound. Therefore, during smelting reduction slagging process, the content of calcium oxide added on the one hand need to meet requirement of 2CaO·SiO 2 producing when the slag is cooled and on the other hand need to meet requirement of 12CaO·7Al 2 O 3 producing. With the material balance calculation of smelting reduction iron-making process of COREX, the composition scope of reduction slag is determined as follows: CaO, 43-56 pct; Al 2 O 3, 14-25 pct; SiO 2 , 15-23 pct; MgO, 0.5-7 pct; TiO 2 , 1-7 pct; Na 2 O, 0-6 pct. It can be seen that the slag is high basicity (%CaO/%SiO 2 > 2) and high alumina and containing Na 2 O of CaO-Al 2 O 3 -SiO 2 -MgO-TiO 2 -Na 2 O slag.
There has been an increasing demand for hot metals which are low in phosphorus and sulfur. Extensive research on desulfurization and dephosphorization with Na 2 O-containing fluxes have been carried out in the recent decades, [3] [4] [5] [6] [7] [8] [9] [10] the results show that Na 2 O-containing fluxes commonly have higher properties of dephosphorization and desulfurization than equivalent CaO-based slags. However, study on the kinetic of desulfurization by Na 2 O-containing slags is limited. Many studies on Na 2 O-containing slags 13.48 found that the concentration of Na 2 O in the slag can continue to decrease with time due to Na 2 O vaporizing, [11] [12] [13] [14] [15] particularly under high temperatures and reducing conditions. The chemical compositions of slags will change with the concentration of Na 2 O in the slag decreasing. It is well known that the sulfide capacity is a function of temperature and composition, which plays a key role in determining equilibrium concentrations of sulfur in slag and metal to in turn affect the driving force of desulfurization due to the concentration difference. Hence, the sulfide capacity of Na 2 O-containing slags also will change with time. Any kinetic model should take this into consideration in the model formulation. Ja-Yong CHOI et al. studied the desulfurization kinetics of molten pig iron using CaO-SiO 2 -Al 2 O 3 -Na 2 O quaternary slag containing Na 2 O content from 5% to 20% and basicity from 0.5 to 1.5 in the temperature range of 1 543 to 1 623 K, and thought that the desulfurization is controlled either by the interfacial chemical reaction or slag phase mass transfer. 16) To the knowledge of present authors, no systematic studies on the kinetics of desulfurization of hot metal using Na 2 O-containing slags with high basicity (%CaO/%SiO 2 > 2) at high temperature (above 1 773 K) have been carried out so far.
Therefore, the purpose in this work is to study the rate of sulfur removal from hot metal using high basicity (%CaO/%SiO 2 > 2) of CaO-Al 2 O 3 -SiO 2 -MgO-TiO 2 -Na 2 O slags under high temperature (above 1 773 K), and describe the kinetics of desulfurization of hot metal using the abovementioned slags.
Experimental

Preparation of Metal and Slags
The sample of metal was obtained by remelting iron from a BF iron-making works and FeS in a graphite crucible. Its chemical compositions are given in Table 2 . Mixed slags were prepared by mixing analytically pure oxides (CaO, SiO 2 , Al 2 O 3 , MgO, TiO 2 ), and adding Na 2 CO 3 as a source of Na 2 O. In order to examine the effect of such variables as basicity (%CaO/%SiO 2 ), Na 2 O, TiO 2 , MgO and Al 2 O 3 contents, and temperature, a number of different chemical compositions of slags were prepared. The chemical compositions of the slags mixed are listed in Table 3 . These oxides are roasted prior to the pre-mixed powder compositions for removal of carbonate and water in oxide. The roasting temperature of the analytically pure oxides are listed in Table  4 . The blended powders were heated in molybdenum crucibles in a resistance furnace to 1 773 K at a rate of 15 K/ min under Argon atmosphere. The flow rate of Argon was maintained 0.5 L/min during the heating process, which can protect the molybdenum crucible from being oxidized. It can be proved by the analysis result of slag composition in Table 5 , which show that the slag hardly contain Mo element, or the content of Mo element dissolved in the slag is too low to be detected. In order to minimize volatilization of Na 2 O in the slags during this pre-melt step, the crucibles were covered with a lid and sealed using alumina paste. The molten slag was subsequently poured into a steel mold which was cooled by water and then drying, crushing and grinding into powder for the next experiments.
Experimental Procedures
The experiments were performed using a vertical resistance furnace with MoSi 2 heating elements and a corundum working tube. To measure the sample temperature accurately, a double Pt-Rh thermocouple placed in an alumina sheath was located adjacent to the sample. The furnace temperature was controlled within ± 1 K. The experimental setup is shown schematically in Fig. 1 . The desulfurization reaction was carried out in double-layer graphite crucibles using molten iron dropping into slag method as shown in Fig. 2 . The upper graphite crucible (75 mm OD × 65 mm ID × 40 mm long) with a small hole at bottom, the small hole inserted using one graphite stopper rod, was loaded with approximately 250 × 10 − 3 Kg of the metal sample, the lower graphite crucible (75 mm OD × 65 mm ID × 60 mm long) was filled with the synthetic slag, the weight ratio of the synthetic slag to metal was 0.8:1. The furnace was heated from ambient to the preset temperature in the range of 1 773 K to 1 833 K at a heating rate of 20 K/min.
A lower graphite crucible with the synthetic slag was firstly put into an elevated heating furnace at preset temperature under protection of high purity Ar gas to melt slags at least 10 min. In order to minimize volatilization of Na 2 O during this melting step, the crucible was covered with a lid. When the slags was melted, the lid was taken away and the sample of slag was immediately taken by using iron bar, the compositions of which was determined by X-Ray fluoroscopy (XRF), and the results are shown in Table 5 . Then, a upper graphite crucible containing the prepared metal was put into the furnace on the lower graphite crucible for 5 minutes to make the metal melted, the sample of alloy was drawn by using quartz glass tube and sent to analysis the content of sulfur in the hot metal. Then, the graphite stopper rod inserted in the hole of the upper crucible is lift and the melted hot metal will drop into lower graphite crucible, mix and start desulfurization reaction with melted slag, this time was taken as the starting point for kinetic study. The samples of hot metal and slag were taken according to a predetermined time schedule. The contents of Na 2 O in the slag samples were determined by inductively coupled plasma atomic emission spectroscopy (ICP-AES). The contents of sulfur in the hot metal and slags were determined by Carbon-sulfur analyzer (CS-902T). The results were summarized in Table 6 . Figure 3 shows the change in sulfur content in metal at different temperatures as a function of time. The number labeled in the figures correspond to the composition in Table  6 . It can be seen from Fig. 3 that the higher temperature can enhance the rate of desulfurization. It is also clear that the sulfur content in metal decreases very faster from 0.599 pct to 0.094 pct in the initial five minutes at 1 773 K. J. J. Zhang et al. studied the desulfurization kinetic of bearing Ti blast furnace slag, 17) the chemical composition of which is CaO, 31.59 pct; Al 2 O 3 , 13.75 pct; SiO 2 , 28.06 pct; MgO, 12.88 pct; TiO 2 , 13.81 pct. The result showed that the sulfur content in metal decreased from 0.211 pct to 0.099 pct in the initial 10 mins at 1 773 K. By comparing the desulfurization result between the slag in this paper and the slag studied by J. J. Zhang et al., it indicated that the slags in this paper have stronger desulfurization ability than that of the general bearing Ti blast furnace slag. The whole desulfurization reaction is almost completed in about 40 min and thereafter the sulfur content is hardly changed.
Results and Discussion
Effect Different Factors on Sulfur Content in Hot Metal
Figures 4, 5 and 6 show the effects of Na 2 O, MgO addition and basicity on the sulfur content in the hot metal at 1 773 K, respectively. It is can be seen that the sulfur content in the hot metal decrease with increasing Na 2 O, MgO addition and basicity at the same time. According to the slag ion structure theory, Na 2 O, MgO and CaO are alkaline oxides, which can provide free oxygen ions (O 2 − ) into the molten slags. 18) With the increase of Na 2 O, MgO addition and basicity, the free oxygen ions (O 2 − ) in the slags increases, the desulphurization ability of the slags is improved and the rate of desulfurization increases. Similar to temperature, desulfurization reactions in Figs. 4, 5 and 6 are also nearly completed in about 40 min. 19) and [TiO 6 ] octahedral structure 20, 21) and make the amount of free O 2 − in the slags consumed. With the increase of the content of Al 2 O 3 and TiO 2 , the amount of free O 2 − in the slags decrease, the desulfurization ability of the slags fades. Figure 9 shows the change in the Na 2 O content in the slag with time. It can be seen that the Na 2 O content decreases with time, and the decrease rate increases with the initial Na 2 O content increasing. Under the experimental conditions, Na 2 O can react with the carbon within the molten iron and the graphite crucible, the reaction is possible as follow: by Regression analysis. A data analysis using the regression equation in Fig. 10 is given in Fig. 11 . It can be seen from Fig. 11 that the calculated concentration of Na 2 O are in reasonable accord with the experimental data, although there are some deviations between the experimental results and calculated value for CSN3, especially in the first 5 and 10 minutes. But the deviations are within a reasonable error range, the deviations in 5 and 10 minutes are about 15%, and most of the deviations in other times are less than 10%. So it is possible to emply regression equation to quantitative analysis of the Na 2 O experimental data obtained in the present study.
Change of Na 2 O Content in the Slags during the Experiment
Na O C Na CO l s g g 2 2 ( )( ) ( ) (
Analysis of Rate-controlling
Step of Desulfurization Kinetic Under the experimental conditions, the CaO-Al 2 O 3 -SiO 2 -MgO-TiO 2 -Na 2 O slag studied has better melting property. The study results of the slag melting property show that the flowing temperatures of all of the slag are less than 1 723 K. By observing in the experimental process, the melting state of the slag is well, there is no mass of solid slag existing. After the experiment, the slag and iron were poured into a steel mold from the crucible, the separation of slag and iron is better, which shows that the slag has good fluidity. Therefore, the slag system can be considered as homogeneous liquid phase in the paper.
According to the slag ion structure theory, the process of desulfurization reaction of hot metal by slag can be expressed as: The reaction process can be divided into the following five Above five steps, the step (7) is the chemical reaction step, and the rests are mass transfer steps. Under the temperature conditions of the desulfurization of hot metal, the temperature usually in more than 1 773 K, the speed of chemical reaction is very quick, 27) so the step (7) is not be the rate-controlling step. In mass transfer steps of (5), (6), (8) and (9), the step (6) and the step (8) occur in the molten slag, the step (5) and the step (9) occur in hot metal. Under the temperature conditions of the desulfurization of hot metal, the viscosity of hot metal is about 1-2 orders of magnitude lower than that of the molten slags, 22) and in this study the mass ratio of slag to metal is 0.8, So the ratecontrolling steps of the whole process only might be the mass transfer steps (6) and (8) .
In addition, because the diffusion coefficient of oxygen in molten slag is higher than that of sulfur, 23) the mass transfer rate of oxygen in the slag is faster than that of sulfur, so it is reasonable to assume that the rate-controlling step of desulphurization process of hot metal is only the step (8), which is the transport of anions (S 2 − )* from the interface to the bulk slags, and the rate of desulphurization is determined by the mass transfer rate of sulfur from interface to the bulk slags. ) are the molar concentrations of sulfur in the bulk slag, and at the interface, respectively. ) is molar concentration of sulfur in bulk metal.
Rate Expression of Slag
Converting molar concentrations into mass% for convenience, the equation will become,
............ (14) where [%S] is mass percent of sulfur in the metal, [%S] e is mass percent of sulfur that the metal would have, if it were in equilibrium with the slag, and A is the superficial area of the slag/iron interface. V m is the volume of the metal. k′ is the apparent rate coefficient which is ksL S . Therefore, the Eq. (14) is the rate equation for slag phase mass transfer control.
From the mass balance of sulfur in the metal-slag system, the following Eq. (15) is derived: (17) where C S is the sulfide capacity of the slag dissolving S 2 based on the pure substance as the standard state, T is the temperature of the system (K), and f S is the activity coefficient of mass percent of 1% as the standard state of sulfur dissolved in the metal. The sulfide capacity (C S ) can be calculated by Eq. (18) where X i is the mole fraction of component i, n i is the oxygen stoichiometry of component i, and Λ i is the optical basicity of component i. Values of Λi was taken from the literature. 25) In the present study, the slag composition changes continually with time as the Na 2 O content in slag decreases over time, thus will make the equilibrium partition ratio L S ′ change. Now, the use of Eqs. (17) and (18) together with Eq. (3) can calculate L S ′ at any time.
It is also to be considered that the apparent rate coefficient (k′) of Eq. (14) 3) The degree of agreement of the computed results with the experimental results is checked by calculating the correlation coefficient (R 2 ). 4) The step of compute is repeated with different sets of α and β until the best agreement is found.
Validation for Rate Equations
The data calculated for the CSN-2 slag by employing the above method is given in Fig. 12 . It is seen that the calculated results of the sulfur content in the metal are in reasonable accord with the experimental data. The Na 2 O content in the slag decreases over time, the sulfide capacity and the apparent rate coefficient also decrease with time.
The experimental data of desulfurization with different initial Na 2 O, Al 2 O 3 , MgO, TiO 2 contents and basicity, and temperature were also analyzed in a similar way with results given in Figs. 13-17 and 18 . The results indicated that the values of model computation are also reasonably good agreement with the experimental data in the figures. All of these show that the rate equations can better describe the change of sulfur content in the hot metal with time. Figure 19 shows the effect of temperature on the apparent rate coefficient at the initial time which is obtained by a similar model analysis of the results of CSN-2, CSt-12, CSt-13 in Table 6 . The apparent activation energy in Fig. 19 is calculated by using an Arrhenius equation, which is 172.85 kJ mol − 1 . This value of activation energy indicates that the desulfurization is controlled by slag phase mass transfer. 26) Because the apparent rate coefficient as given in Eq. (14) include the mass transfer coefficient (ks) and sulfur partition ratio (L S ). So, it is necessary to know how these two terms affect the apparent rate coefficient. Figure 20 shows the change of three terms, viz., k′, L S and ks with temperature at the initial time for the CSN-2, CSt-12, CSt-13 in Table 6 . It can be seen that the mass transfer coefficient of the slag phase ks hardly changes with temperature, and the sulfur partition ratio (L S ) obviously increase with temperature increasing. That is to say, the increase of the apparent rate coefficient as temperature rises is mainly due to the increase in the sulfide capacity of the slag, not to an increase in the slag phase mass transfer coefficient. It is well known that the temperature dependence of the mass transfer coefficient is weak in general, therefore, the above analysis also suggests the possibility that desulfurization is controlled by slag phase transport. Above all, the results as shown in Figs. 19 and 20 further prove that the rate-controlling step of desulphurization process of hot metal is slag phase mass transfer control.
Apparent Activation Energy
Conclusions
Desulfurization kinetics of hot metal was studied experimentally using high basicity (%CaO/%SiO 2 > 2) of CaOAl 2 O 3 -SiO 2 -MgO-TiO 2 -Na 2 O slags at high temperature (above 1 773 K). The main conclusions are as follow:
(1) The rate of desulfurization increases by increasing the Na 2 O, MgO content and basicity in slag, decreasing Al 2 O 3 and TiO 2 content, and increasing the temperature.
(2) The concentration of Na 2 O in slag decreases with time due to evaporation, which make the compositions of slag change with time, make the sulfide capacity of slag and the apparent rate coefficient also decrease with time.
(3) A mathematical model has been developed which was successfully applied to the analysis of the experimental results obtained in the present study:
(4) The activation energy was found to be 172.58 kJ mol − 1 . The mass transfer coefficient of the slag phase ks hardly changes with temperature. It was concluded that the desulfurization of hot metal using the present slag system is controlled by the slag phase mass transfer.
